Background. Determining cervical precancer risk among human immunodeficiency virus (HIV)-infected women who despite a normal Pap test are positive for oncogenic human papillomavirus (oncHPV) types is important for setting screening practices.
oncHPV testing ("co-testing") for women aged 30 years and older [1] , with repeat screening recommended in 5 years if both tests are negative. These guidelines reflect the strong 5-year negative predictive value of a negative co-test in screening for cervical cancer and precancer [2] . Conversely, if the Pap result is normal but the oncHPV test is positive, then screening is to be repeated in 12 months, and if genotyping specifically detects either HPV type 16 or 18 (which account for approximately 50% and 10% of cervical cancers, respectively), immediate colposcopy is recommended [1] . In April 2014, the US Food and Drug Administration additionally approved an oncHPV assay for use as an alternative to the Pap test in primary screening among women in the general population aged ≥25 years [3, 4] .
Women with human immunodeficiency virus (HIV) infection are at several-fold greater risk of cervical cancer than those in the general population [5] [6] [7] , as well as several-fold greater risk of high-grade cervical intraepithelial neoplasia (CIN-2+ and CIN-3+) [8, 9] . Nonetheless, a recent study in the Women's Interagency HIV Study (WIHS), a large prospective cohort of HIV-infected and HIV-uninfected women, reported that HIV-infected women with normal Pap tests who additionally co-tested negative for oncHPV have a similar low 5-year risk of CIN-2+ and CIN-3+ as those who are HIV uninfected [10] . Under the principle of "equal management for equal risk," agreed to at a 2012 US consensus conference [11] [12] [13] , these data suggested that similar screening practices could be used to co-test negative women regardless of HIV status.
However, that prior WIHS study did not examine CIN-2+ and CIN-3+ risk among the subset of HIV-infected women with normal Pap tests who co-tested positive (not negative) for oncHPV. In addition, data in HIV-infected women are needed to more specifically assess risk in those with HPV16 or HPV18 despite a normal Pap, and it is important to concomitantly study HIV-infected women with low-grade squamous intraepithelial lesions (LSILs) by Pap test. The 2012 consensus conference suggested that LSIL be considered a benchmark indication for immediate colposcopy, and the similarity in CIN-3+ risk (ie, >5%) between women with LSIL and women with a normal Pap who were positive for HPV16 or HPV18 was a major reason that detection of either HPV type was named an additional indication for immediate colposcopy in the general population [12] .
To have adequate data to address these issues, the current study used results from 2 WIHS enrollment cohorts, including women recruited during 1994-1995, and those recruited during 2001-2002 (who were participants in the WIHS study mentioned above). We then contrasted the risks of CIN-2+ and CIN-3+ in HIV-infected women with a normal Pap who tested positive for oncHPV ( particularly HPV16 and HPV18), those without oncHPV, and HIV-infected women with LSIL [14] .
METHODS

Study Participants
The WIHS is an ongoing prospective study of HIV-infected and at-risk HIV-uninfected women enrolled through similar sources at 6 sites (Bronx and Brooklyn, New York; Chicago, Illinois; Los Angeles and San Francisco, California; Washington, District of Columbia). Enrollment was initially conducted between October 1994 and November 1995 (n = 2054 HIV infected, n = 569 HIV uninfected), and a second cohort was similarly enrolled between October 2001 and September 2002 (n = 737 HIV infected, n = 406 HIV uninfected). Details of the WIHS data collection and recruitment methods have been reported [15] . In brief, participants undergo a semiannual visit that involves a gynecologic examination with specimen collection, including a Pap test and cervicovaginal lavage for HPV DNA testing. All cervical cytology was centrally interpreted using the 1991 or 2001 Bethesda System criteria for cytologic diagnosis [16, 17] . Colposcopy was recommended for all Pap results of atypical squamous cells of undetermined significance or worse (ASC-US+). Written informed consent was obtained from all participants, and the study was approved by each local institutional review board.
Laboratory Testing
HPV DNA detection methods have been described in detail elsewhere [8, 18] . In brief, HPV DNA was detected using a well-established degenerate primer MY09/MY11/HMBO1 polymerase chain reaction (PCR) assay. Primer set PC04/ GH20, which amplifies a cellular β-globin DNA fragment, was used as an internal control to assess the adequacy of amplification. The amplification products were then probed for the presence of "any HPV" DNA with a generic probe mixture, and probed for individual HPV types using filters hybridized with type-specific biotinylated oligonucleotides for >40 individual HPV DNA types. β-globin-negative specimens were excluded. Consistent with recommendations from the International Agency for Research on Cancer, HPV types 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, and 68 were considered oncogenic, and all other types were considered nononcogenic [19, 20] .
Statistical Methods
The analysis included HIV-infected and HIV-uninfected women who had a normal Pap result or LSIL at their baseline WIHS enrollment visit (during either 1994-1995 or 2001-2002 Multivariable Cox models were conducted to study the associations of CIN-2+ and CIN-3+ with detection of any oncHPV, HPV16, HPV18, and non-16/18 oncHPV at baseline, after adjusting for other established cervical risk factors. These covariates were a priori parameterized as in prior WIHS studies [9, 10, 21] , except for age, which was treated as a continuous variable to preserve degrees of freedom. Cox models of women with LSIL at baseline included prevalent cases of CIN-2+ and CIN-3+, as WIHS participants with LSIL were by protocol referred for immediate colposcopy; that is, baseline CIN-2+ or CIN-3+ is an important component of the overall cumulative cervical precancer risk in women with LSIL in this study [22, 23] . The lowest detectable HIV RNA level changed over calendar time as the assay sensitivity improved. To simplify modeling, we therefore used the HIV RNA detection threshold from early in the WIHS, ≤4000 copies/mL, as this could be used as the referent across all women at all visits [22, 23] . In secondary analysis, we included nonparametric splines in our Cox models to assess whether incorporating time-varying effects meaningfully impacted the results [24, 25] . Statistical significance was defined as P < .05 determined using 2-sided tests.
RESULTS
There were 1727 HIV-infected and 806 HIV-uninfected women with a normal cervical Pap at enrollment. Women were excluded from analysis if (1) their baseline HPV or CD4 cell count data were unavailable (n = 198 HIV-infected and n = 66 HIVuninfected women); (2) hysterectomy was performed prior to enrollment (n = 129 and n = 37); (3) follow-up data were unavailable (n = 115 and n = 71); or (4) HIV seroconversion occurred during follow-up (n = 9). Among the remaining 1285 HIV-infected and 623 HIV-uninfected women, 290 were not compliant with colposcopy (n = 206 and n = 84), and 79 were excluded due to self-reported cervical treatment prior to baseline (n = 58 and n = 21).
Overall, 1021 HIV-infected and 518 HIV-uninfected women were included in the analysis of CIN-2+ and CIN-3+ cumulative risk. Table 1 shows selected baseline characteristics of these women. Although HIV-infected women reported less recent sexual activity, they were more likely than HIV-uninfected women to test positive for any HPV DNA (37% vs 19%; P < .0001). b Two HIV-infected women were positive for both HPV16 and HPV18 at baseline. c The lowest detectable HIV RNA level changed over time as assay sensitivity improved. To simplify modeling, we used the detection threshold from early in the study (ie, ≤4000 copies/mL) as this could be used as referent for all women at all visits.
OncHPV was detected in 154 (15%) HIV-infected and 27 (5%) HIV-uninfected women (P < .0001) with normal Pap tests. For HPV16 and HPV18 the prevalence was 2% and 1%, respectively, among the HIV-infected women, whereas it was 1% each among the HIV-uninfected women. The women with HIV were older and less likely than HIV-uninfected women to be current smokers. Sixty-seven percent of the HIV-infected women had a CD4 count ≥350 cells/μL, and 16% (ie, half of those recruited during 2001-2002) reported highly active antiretroviral therapy (HAART) use at baseline. The length of follow-up averaged 14 person-visits, including a median of 13 person-visits in HIVinfected women and 14 person-visits in HIV-uninfected womena total of 14 415 and 7382 person-visits of data, respectively.
Cumulative Risk of CIN-2+ and CIN-3+
Any Oncogenic HPV CIN-2+. HIV-infected women who had a normal Pap and were oncHPV negative (n = 867) had a total of 22 CIN-2+ cases during 5 years of follow-up. More specifically, the cumulative risk was 2% (95% CI, 0%-5%) in HIV-infected women with a CD4 count <350 cells/µL, 4% (95% CI, 1%-6%) with a CD4 count of 350-499 cells/µL, 3% (95% CI, 1%-5%) with a CD4 count ≥500 cells/µL, and 2% (95% CI, 1%-3%) in HIVuninfected women (n = 491). Among women with a normal Pap result who were oncHPV positive (n = 154 HIV-infected and n = 27 HIV-uninfected), the 5-year cumulative risk of CIN-2+ was 22% (95% CI, 9%-34%) in HIV-infected individuals with a CD4 count <350 cells/µL, 12% (95% CI, 0%-22%) with a CD4 count 350-499 cells/µL, and 14% (95% CI, 2%-25%) with a CD4 count ≥500 cells/µL-an overall cumulative risk of 16% (95% CI, 9%-23%) among oncHPV-positive, HIVinfected women ( Figure 1A) . The CIN-2+ risk was 10% (95% CI, 0%-21%) in oncHPV-positive, HIV-uninfected women.
CIN-3+. No cases of CIN-3+ occurred in HIV-uninfected women during 5 years of follow-up. In HIV-infected women with a normal Pap result who were oncHPV negative, 9 were CIN-3+ cases, a cumulative risk of ≤1% in each CD4 stratum. Among the oncHPV-positive women, there was a total of 5 CIN-3+ cases, with a 5-year cumulative risk of 7% (95% CI, 0%-15%) in HIV-infected women with a CD4 count <350 cells/µL, 2% (95% CI, 0%-7%) with a CD4 count 350-499 cells/µL, and 2% (95% CI, 0%-7%) with a CD4 count ≥500 cells/µL-an overall cumulative risk of 4% (95% CI, 0%-8%) among oncHPV-positive, HIV-infected women ( Figure 1B) .
HPV16/18 and LSIL. As shown in Figure 1A , HIV-infected women with a normal Pap result who were HPV16 positive had a 3-year cumulative risk of CIN-2+ of 29% (95% CI, 6%-46%) with no additional cases detected between 3-5 years, whereas those with non-16 oncHPV (not shown) had a 3-year and 5-year cumulative incidence of 9% (95% CI, 3%-14%) and 14% (95% CI, 7%-21%), respectively. The CIN-3+ cumulative risk ( Figure 1B ) in HPV16-positive, HIV-infected women was 10% (95% CI, 0%-23%) after 3 years, which remained unchanged (with no additional cases) through 5 years of follow-up, whereas CIN-3+; B) , among human immunodeficiency virus-infected women who at baseline had a normal Pap result with no oncogenic human papillomavirus (HPV) (blue diamonds), any oncogenic HPV (red squares), HPV type 16 (green triangles), or had a baseline Pap diagnosed as low-grade squamous intraepithelial lesion (LSIL) ( purple crosses). The cumulative risk for women with LSIL includes both prevalent and incident cases, as LSIL is an indication for immediate colposcopy, whereas for all other groups the data reflect cumulative incidence.
the risk over 5 years in those with non-16 oncHPV was 3% (95% CI, 0%-6%) (not shown).
No cases of HPV18-positive CIN-2+ or CIN-3+ were detected in the HIV-infected women studied. However, among HIVinfected women with LSIL, the 3-year cumulative risk of CIN-3+ was 7% (95% CI, 3%-11%), with no additional cases detected between 3 and 5 years of follow-up.
Multivariate Cox Models
Our initial models assessed the associations of oncHPV detection (yes/no) and host immune status (ie, HIV infection and CD4 count) with subsequent risk of CIN-2+ and CIN-3+ after 3 years or 5 years of follow-up, controlling for multiple cofactors. For CIN-2+ (Table 2 ), the detection of any oncHPV vs no oncHPV was associated with a 3-year hazard ratio (HR) of 6.4 (95% CI, 3.1-12.9; P < .0001) and a 5-year HR of 5.3 (95% CI, 2.9-9.4; P < .0001). Although HIV status was associated with a significant increase in CIN-2+ risk, there was no clear biologic gradient between CIN-2+ and decreasing CD4 cell count (P trend > .5) in these multivariate analyses. Similar results were also obtained using CIN-3+ as the endpoint (Table 3) . In additional models (Table 4) , we found strong associations of HPV16 with CIN-3+ risk during 3 years (HR, 18.7 [95% CI, 3.6-96.9]; P < .001) and 5 years (HR, 13.3 [95% CI, 2.7-64.3]; P < .001) of follow-up, as well as between detection of LSIL and CIN-3+ risk during the same 3-year (HR, 12.2 [95% CI, 4.0-37.0]; P < .0001) and 5-year (HR, 9.4 [95% CI, 3.5-25.6]; P < .0001) periods. These results were unaltered by limiting analysis to only HIV-infected women, controlling for HIV RNA level (as parameterized in Table 1 ) and use of HAART, and incorporating "number of sex partners in the prior 6 months" instead of "lifetime number of sexual partners" in Abbreviations: CI, confidence interval; HIV, human immunodeficiency virus; HPV, human papillomavirus; HR, hazard ratio; OncHPV; oncogenic human papillomavirus. a In secondary data analysis, we observed similar results when incorporating nonparametric splines in the Cox model; that is, the average HRs after 3 or 5 years of follow-up, as measured using the area under the curve, were similar to those presented in the tables, and no statistically significant departures from proportionality were detected. the model; that is, the 5-year relative risk of CIN-3+ related to HPV16 detection was an HR of 14.5 (95% CI, 2.7-78.7; P = .001), whereas for LSIL it was an HR of 11.9 (95% CI, 3.8-37.0). Moreover, no statistically significant differences in CIN-3+ risk were found between HIV-infected women with a normal Pap who were HPV16 positive vs those who had LSIL (all P > .50). Additional details regarding each model are reported in the footnotes to Tables 2-4. Year of enrollment had no relation with CIN-2+ or CIN-3+ risk in any multivariate models.
DISCUSSION
We determined the cumulative risk of CIN-2+ and CIN-3+ among HIV-infected women who, despite having a normal baseline Pap, co-tested positive for HPV16 or other oncHPV types. Whereas prior studies reported that HIV-infected women with a normal Pap who additionally tested oncHPV negative had a similar low incidence of CIN-2+ and CIN-3+ as HIV-uninfected individuals [10, 26] , the risk of high-grade cervical lesions (ie, precancer) in HIV-infected women with a normal Pap result who instead tested oncHPV positive has not to our knowledge been reported.
The most striking finding was the very high risk of CIN-2+ and CIN-3+ among HIV-infected women with a normal Pap result who tested HPV16 positive; that is, a 5-year cumulative incidence of CIN-2+ of 29% and CIN-3+ of 10%. No HPV18-positive CIN-2+ and CIN-3+ were detected during the same follow-up period. In multivariable Cox models, testing positive for HPV16 vs oncHPV negative at baseline was associated with a 13-fold greater risk of CIN-3+ among HIV-infected women with a normal Pap result.
To benchmark these results against an accepted indication for immediate colposcopy, we concomitantly measured the risk of CIN-3+ in HIV-infected women with a Pap diagnosis of LSIL [12, 13] . In both Kaplan-Meier and multivariate Cox models, HIV-infected women with a normal Pap result who tested positive for HPV16 had nonsignificantly higher risk of CIN-3+ than did HIV-infected women with LSIL. Based on the principle of "equal management of equal risks," the follow-up in both groups should be similar because they have similar risk of CIN-3+ [12, 13] . If correct, the collective data therefore suggest that immediate colposcopy might be appropriate in HIV-infected women who test HPV16 positive despite a normal Pap result, as in HIV-infected women with LSIL. Table 2 to decrease the degrees of freedom used in this model, given the smaller number of CIN-3+ than CIN-2+ events. In secondary data analysis, we observed similar results when incorporating nonparametric splines in the Cox model; that is, the average HRs after 3 or 5 years of follow-up, as measured using the area under the curve, were similar to those presented in the tables, and no statistically significant departures from proportionality were detected.
Furthermore, current US guidelines recommend follow-up screening in 1 year for women in the general population who are oncHPV positive but lack additional HPV genotype data, or who test positive only for oncHPV types other than HPV16 or HPV18 [1, 14] . Consistent with this, our data showed that although the risk of CIN-2+ and CIN-3+ was elevated in HIV-infected women with a normal Pap and any oncHPV (or non-16 oncHPV types), relative to those who tested oncHPV-negative, this risk was lower than in those with LSIL. Thus, the current findings suggest that repeat screening in 1 year might be appropriate in HIV-infected women with a normal Pap and non-16 oncHPV types or who lack type-specific results.
The current findings are also interesting for another reason: They provide new information regarding the special character of HPV16, the most carcinogenic HPV type. Our group and others have previously shown that the prevalence of HPV16 is the least affected of any oncHPV type by changes in host immune status among HIV-infected women (as measured by CD4 cell count) [27] [28] [29] . This relative independence of HPV16 infection from host immune status has been interpreted as evidence that HPV16 may have a greater innate ability to avoid the effects of immune surveillance than other oncHPV types. Consistent with this, we have recently reported that HPV16 is present in a significantly lower percentage of CIN-3+ in HIV-infected (25%) than in HIV-uninfected (>60%) women in the WIHS cohort (L. S. Massad et al, submitted). Taken together, the current study and prior data collectively suggest that although the prevalence of HPV16 may be less affected by low CD4 cell count than other oncHPV types, Abbreviations: CI, confidence interval; HIV, human immunodeficiency virus; HPV, human papillomavirus; HR, hazard ratio; LSIL, low-grade squamous intraepithelial lesion; OncHPV; oncogenic human papillomavirus. a In secondary data analysis, we observed similar results when incorporating nonparametric splines in the Cox model; that is, the average HRs after 3 or 5 years of follow-up, as measured using the area under the curve, were similar to those presented in the table, and no statistically significant departures from proportionality were detected.
when cervical HPV16 infection does occur, it is strongly associated with risk of CIN-2+ and CIN-3+ in HIV-infected women.
Several limitations to this study should be considered in interpreting the findings. The first and most important is that the cumulative risk estimates for CIN-2+ and CIN-3 had wide CIs, indicating that statistical power in this study was somewhat limited. This concern may also explain the failure to detect HPV18 in any CIN-2+ or CIN-3+ cases. Thus, a multicohort analysis to expand upon the current results may be warranted, as there are few other similarly large cohorts with appropriate follow-up and data. It would be beneficial for such an analysis to focus more extensively on the current HAART era and to more carefully address the effects of HAART than was possible in the current study. Additionally, the results in WIHS women may not be generalizable beyond HIV-infected individuals who are likewise in long-term care; albeit, this includes a growing fraction of US women with HIV. Last, the extent to which these data are applicable to populations outside the United States is uncertain, particularly those in resource-limited settings.
Overall, the current data suggest that HIV-infected women may benefit from cervical cancer co-testing using Pap and oncHPV assays, as is recommended in the general population [1] . Repeat co-testing at 1 year may be a reasonable approach in HIV-infected women with a normal Pap who are oncHPV positive [1] . HPV genotyping may also be appropriate in HIV-infected women, as the high risk of CIN-2+ and CIN-3+ in individuals with a normal Pap and HPV16 suggests that immediate colposcopy may be appropriate in these individuals. Were these practices adopted, the current data suggest that approximately 15% of HIV-infected women with a normal Pap would be referred to follow-up screening in 1 year and 2% to immediate colposcopy; that is, 15% of women with a normal Pap were oncHPV positive and 2% were HPV16 positive. However, HIV-infected women who are unable to obtain oncHPV testing can also be followed with annual Pap tests, and for those with 3 serial negative Pap tests, longer intervals until repeat screening may be appropriate [30] . In future studies, it will be important to focus more extensively on HIVinfected women with abnormal Pap tests and to incorporate additional molecular assays to more accurately identify the subset of individuals with high risk of cervical precancer and cancer, either at the time of screening or within a few years of gynecologic assessment. Cost effectiveness should be carefully considered prior to implementation of any new cervical cancer screening guidelines in HIV-infected women.
